The paper analyses the sustainability aspects of nuclear power with regard to environmental liabilities associated with decommissioning of nuclear facilities and with waste management.
1 Background, purpose and scope
Nuclear liability evaluation and financing in Sweden
Generally, it is not forbidden by law for natural persons and other private legal entities to perform activities that have a potential for causing detriment to health and environment. Instead, it is the risk for such detriment that is being regulated in various legislations and that is also overseen by various Authorities.
Thus, in Sweden, it is the task of the Swedish Radiation Safety Authority (SSM), (Swedish name Strålsäkerhetsmyndigheten) to oversee radiation protection, under The Radiation Protection Act [1] , and nuclear activities, under the Act on Nuclear Activities [2] ). The oversight covers all kinds of such activities, including nuclear electric power generation.
Similarly, SSM also oversees the planning for the final storage of the nuclear waste, the planning for the decommissioning of nuclear facilities and the system for financing the associated future costs. This financial oversight is carried out under the Nuclear Liability Act [3] which stipulates that plans and cost calculations shall be submitted to SSM each year for nuclear power plants and every third year for other facilities.
For nuclear power plants, there are two "compartments" for securities and fees to segregated funds managed by the Government: A the anticipated costs for decommissioning and waste management e t c, and B a risk fee intended to cover the risk that the Government takes in its management of the fund system. Compartment A comprises a combination of securities (unlimited in time) and assets in segregated funds. Securities are lifted at the same pace as that of the payments that flow into the segregated funds.
In addition, securities must be provided to cover "unplanned events". It is the owners and operators of the nuclear facilities that carry the full responsibility for protecting health and the environment. They also have the full responsibility to ensure that adequate funding is available at the time when it is needed for any associated liabilities. The role of SSM and other Authorities is to instigate such work and to ensure that those eligible fulfil all their obligations.
Most of the nuclear liabilities are associated with our 12 modern nuclear power plants, 10 of which are presently in operation. But more than 10 % of the total estimated decommissioning liabilities are associated with old nuclear technology development facilities.
There are considerable obstacles and pitfalls related to the planning and associated cost estimates, especially for old facilities. It is therefore a daunting and demanding task for owners and operators to comply with the requirements on financial planning. Similarly, the SSM needs a good knowledge base for its oversight, and accordingly, it is also the duty of the SSM to carry out and to commission relevant research work. [4] Recent publications include References [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Purpose and scope
The purpose of the present paper is to analyse the sustainability aspects of nuclear power with regard to environmental liabilities associated with decommissioning of nuclear facilities and with waste management.
The objective is to contribute to the knowledge base needed for assessments of sustainability for nuclear power in general and for comparisons between different sources of energy. The objective is also to illustrate how environmental liabilities can be managed for different energy systems and in different fields of technology.
2 Sustainability and associated methodologies for analysis and comparison
Sustainability definitions
According to the Brundtland report [15] This principle of sustainable development is closely associated with the polluter pays principle (PPP). It is also dealt with in the Brundtland report [15] which in this case refers to an OECD decision from 1972 [16] . A corollary to the polluter pays principle is the principle of equity between generations.
The need for tools and knowledge bases for assessments
It might be tempting to assume that the above quoted basic principles might be readily applied to various industrial activities including energy production. However, the conclusions reached are not entirely coherent.
For instance, the World Nuclear Association concludes the following [17] Similar conclusions, albeit expressed somewhat more moderately, can be found in a report [18] from the OECD/NEA.
The conclusion above "that the waste can be securely managed" should not be interpreted to imply that systems are in place for final disposal of all nuclear waste in all countries. In fact, no country has yet commissioned a repository for civilian spent nuclear fuel or high level waste from reprocessing of such fuel.
The coal combustion community considers [19] It can be concluded that the application of the fundamental principles of sustainability is not straightforward. Tools for assessment and comparison are needed as well a knowledge bases structured in a feasible manner.
Tools for assessment and need for appropriately structured knowledge
Modern tools for assessment of the functioning of industrial facilities have largely been developed in conjunction with the planning and safe operation of advanced industrial facilities, especially in the chemical and nuclear industries, and examples include References [20] [21] [22] [23] .
General considerations in such analyses include the following: • definition of the system, including what is prerequisites (outside the system) and what is inside • identification and description of features, events and processes • identification and studies of scenarios • comparison (e g for best available technology) based on comparing one type of characteristic at the time, and to make overall assessment thereafter. The Swedish research on nuclear waste disposal and associated planning, including financial planning, was inaugurated in the 1970'ies, and have since then been rather intensive in industry (the major effort) as well as at the Swedish Radiation Safety Authority (SSM) and its predecessors. An overview of objectives and direction of the Authority work can be found in Norrby [4] , see also References [24] [25] [26] [27] [28] [29] .
Lessons learned from the SSM work include that assessments and comparisons is a topic in itself, and requires substantial efforts. Pitfalls are numerous, and structured approaches are essential. Critical areas include integration between disciplines and awareness of the sociological, financial and legal dimensions. Perspective on time is also important, including difficulties in making prognoses for chemical developments, awareness of all different relevant issues -which may change considerably with time -and the general level of scientific and technical knowledge which is being elevated all the time.
Nuclear energy sustainability

Availability of uranium and the efficiency in its utilization
All contemporary nuclear power reactors use uranium based nuclear fuel. Uranium ore typically contains levels of uranium at a fraction of a percent or lower. This implies that most of the ore becomes tailings that may emit radioactive radon to the surrounding air, and various elements in the periodic table to the groundwater. Thus, remediation and reclamation are needed.
Reference [30] states that the total identified sources of uranium are sufficient to last for more than 100 years at the present level of consumption. The report also states that the deployment of advanced reactor and fuel cycle technologies could conceivably extend the long-term availability of uranium to thousands of years.
Protection of health and the environment
Most of the potential for detriment to health and the environment from nuclear power generation originates from radiation. The radionuclides emitting the radiation may be natural or artificial. (A nuclide is a specific combination of elementary particles in the nucleus of an atom). Large amounts of artificial radionuclides are formed in a nuclear reactor. They give rise to radiation during short (very intensive) and long (less intensive) time. Different types of radiation have very different absorption characteristics.
So far, doses in Sweden have been kept well within limits for the very most part. In particular, doses to the public have been very far below the limits. We have also been fortunate in that radiological consequences of deviations from normal operating conditions have been insignificant.
Accidents do occur, however, as is illustrated by the Chernobyl disaster which affected Sweden by fall-out. [31] This particular type of accident is not technically possible with our designs of reactors. Nonetheless, it is an appropriate attitude from a safety point of view not to discard the possibilities of accidents.
Decommissioning of a nuclear facility typically costs at least a couple of orders of magnitude more than the demolition of a corresponding non-nuclear facility. The reason for this is the presence and properties of the remaining radionuclides, c. f. the description above. Moreover, the waste from decommissioning will have to be deposited, typically -and in the case of Sweden -together with other waste that has been kept in interim storage. However, according to present domestic plans, the spent nuclear fuel will be deposited in a separate facility.
This constitutes an environmental liability that has to be appropriately managed in terms of technical and financial planning, c. f. Section 1.1 above. Such appropriate management is an essential prerequisite for nuclear energy to qualify as sustainable.
Results from information searches and analyses
Historical perspective
Sustainability awareness is often thought of as a modern phenomenon, but is actually likely to be at least as old as agriculture. Our forefathers freed their farmlands from stones and put them in walls to protect the crops from grazing animals. This example illustrates a strong solidarity with descendants.
The greenhouse effect has been known for more than 100 years, not only as some curiosity in exotic scientific literature, but also in popular and well circulated literature in which it was put forward in 1919 by the Swedish scientist Svante Arrhenius [32] as more or less a matter of course. It was pointed out as just about the only mechanism by means of which mankind might achieve an increase in world temperature. He also calculated that the carbon dioxide reserves in the atmosphere would last for only about 37 years should it not be replenished by microbial activity and coal combustion.
It is appropriate to wonder why the issue of global warming was laying dormant for about a century, and then relatively recently and suddenly became a major issue. This raises the question of what other important issues might escape contemporary attention only to become major issues tomorrow.
The book by Arrhenius [32] deals rather extensively with the issues of sustainability of mineral and energy resources, and it ends with emphasizing the need for recycling and the exhort: "thou shalt not waste".
Another example of what might be referred to as a "marination effect" concerns the awareness of the significance of man-made radionuclides. It took a few decades after x-rays had been discovered and put to use in hospitals in the 1890'ies until the health problem of induced cancers became recognized and dealt with. Preparation of man-made radionuclides on a large scale was inaugurated in 1942 when the first nuclear reactor was started, but it took until the 1970'ies until the problems with the nuclear waste became fully recognized.
A similar but less transient development of awareness is taking place since about 20 years on the issue of decommissioning of nuclear facilities. Examples of recent work is presented in the subsequent sections 4.2 and 5.
Environmental liabilities and the polluter pays principle
Background to this section in the form of previous publications by the present authors can be found in References [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The polluter pays principle has been implemented in the Swedish Environmental code [33] as follows: "Persons who pursue or have pursued an activity or taken a measure that causes damage or detriment to the environment shall be responsible, until such time as the damage or detriment ceases, for remedying it to the extent deemed reasonable …". Since there is no limit in time, a liability will exist as long as remediation has not been completed.
It was mentioned in Section 1.1 that for nuclear liabilities, financial resources are generally accumulated in segregated funds so that funding will be available at the time when it is needed. The funding should be sufficient but not superfluous. A prerequisite for the functioning of such a system is that future costs can be estimated with sufficient precision. There are numerous examples of deviations in this regard, and consequently a structured approach is warranted.
At least for private enterprises, the nuclear [3] as well as the financial [34] [35] [36] [37] legislations require that liabilities be calculated with a high or even very high precision. The harshest punishment (prison) might come about as a consequence of the penal law [38] in cases where the financial reporting is grossly misleading.
Such deviation might actually not be very far fledged since it has proven recurrently difficult to make precise cost estimations for decommissioning, especially for old research facilities. A good advice is therefore to follow -or at least carefully check -existing standards [39] [40] , and to conscientiously declare any remaining uncertainties together with the reasons why they still exist. What is just said implies that the timing of the planning for decommissioning is dictated by the needs of the financial planning.
Results from field studies
Sustainability is about the future, and about whether people in the future will experience an improved or a depleted basis for their existence. Of course, we cannot ask them, and consequently we have to rely on the adequacy of our own preferences.
There is, however, a possibility to get some information on the issue by asking people that are young today since they constitute the next generation. This is not often done however, since surveys typically are carried out via paper forms that are sent out by ordinary mail. Since young people today communicate by other means, the response rates are typically insufficiently low.
Consequently, the approach chosen in the present work comprises personal interviews of 1444 persons and the response rate achieved is close to 100 %. (The first stage of the present work has been reported in [6] [7] ). The interviews were carried out during late 2007 -2010 in the towns Gdansk, Lublin, Elblag and Jaworzno (Katowice) in Poland and Trnava in Slovakia. No difference was found between the genders. Also no difference was found between the towns in spite of the fact that Jaworzno is a coal mining town that is surrounded with coal condensation power plants, and the town of Trnava is close to the nuclear power reactors on the Bouniche site. Two of these reactors have been shut down permanently, and are thus in the transition phase for decommissioning, and the others are still in operation.
It was found that the young people in the study have the following preferences: 1
Truly sustainable sources of energy are preferred. Coal has the lowest score. 2
Sweden should take care of its own waste. 3
Only few people can consider having a final disposal of nuclear waste near to their homes.
Protection of health and environment are most important for final disposal, but distance from home is also an important consideration. 5 Young people feel that unease with the risks together with lack of knowledge are the most important aspects for acceptance of nuclear waste disposal while trust for the stakeholders involved and local opportunities are less important. A brief compilation of the actual answers are as follows (the full data will be published later): 
Concluding remarks
The definitions of sustainability are quite clear. Analyses have nonetheless been carried out in different ways in different areas of technology, and the results are not coherent. Consequently, methodologies are needed that enable comparisons to be carried out in a more uniform and systematic manner. This requires that appropriately structured knowledge bases be established together with efficient modes for communication and knowledge transfer. The sustainability of nuclear energy is not just a matter of availability of uranium and efficiency in its utilization. Protection of health and the environment -now and in the future -is a necessary prerequisite in this regard. The protection in the future must be carried out in full compliance with the polluter pays principle. It is not necessarily required that the generation that benefits from the nuclear electricity also actually carries out the decommissioning of the nuclear facilities and disposes permanently of all the waste. There may be good technical reasons to operate nuclear facilities for the optimum lengths of time, and this may imply times longer than one generation. It is essential, however, that the benefitting generation leaves behind the full technical solutions together with all the financial resources needed for adequate protection of health and the environment. So far, and in the case of Sweden, this has meant green field conditions.
The historical compilation shows that sustainability awareness may well appear in the form of trends. This calls for comprehensive and systematic approaches based on appropriately structured knowledge bases.
It is a natural element of human nature as well as human culture to care about the offspring, and to leave behind a better basis for existence. Forces that counteract this may include exaggerated emphasis on quarterly reports by institutional investors. The concern for descendants is not unconditional, however. Research suggests that an individual will sacrifice consumption to benefit future generations only if a guarantee exists that others will do the same. [41] Thus, bodies are required as ombudsmen for the public to ensure general compliance. Such solutions are proposed in Reference [41] .
Planning for decommissioning and the estimation of associated costs have proven to be treacherous. Careful analyses are needed in order to obtain the precision required. This includes radiological surveying, selection of techniques to be used and identification and evaluation of potential cost raisers. It also includes comparison with already completed projects. The timing of such evaluations is dictated by the needs for financial planning, and this may imply that it must be carried out many years, perhaps decades, before the plans may be needed for purely technical reasons.
It is the duty of our generation to assess what is adequate and to find responsible solutions, and in this sense we must act as ombudsmen for the future generations. We do, however, have access to the next generation. It is therefore imperative that we learn about their values and carefully consider what they share with us. It is probably safe to assume that the perspectives and requirements will be different in the future, and we should strive for solutions that have good prognoses for standing the ultimate tests of time. For instance, it is only forty years since Sweden participated in a sea-dumping campaign that was carried out under the auspices of the United Nations. Such a practice is far from acceptable today.
In this perspective, it is of crucial importance to include stakeholders in general, and younger stakeholders in particular, in knowledge transfer and dialogue. It is also important that information is passed on to future generations. It is imperative that this process is supported by society e. g. in terms of funding of financial resources and information about nuclear waste liabilities.
